Abstract: Understanding the relationships between the Australian economic system and waste generation from intermediate sectors and households is a prerequisite for planning and implementing waste management strategies at a national scale. Data of waste generation accounts link to those of national economic accounts. However, in Australia, some years' data are absent and so these links cannot be made. To rectify this data gap, this paper interpolates and extrapolates the Australian input-output table (IOT) of 2010-2011. Waste input-output (WIO) analysis is then used to assess the effects of the Australian economy on waste generation and treatment between 2009-2010 and 2010-2011. Analysis indicated that the result of interpolation was more reasonable than that of extrapolation, and the interpolation of the Australian IOT of 2010-2011 can be applicable. This comparative analysis of the time series data in WIO model has identified that: (1) per million $AUD of output of the Construction sector generated the most amount of direct and total waste during the period; (2) the relationships between the development of Australian economy and waste generation illustrate that the Australian economy is currently a traditional linear economy; (3) the effectiveness of waste-related policies are shown by the growth of the sums of direct and total effects of intermediate sectors on the Recovery sector; and (4) the amount of waste generated by households increased sharply over the two years. The physical flows of waste footprint show details of waste generation and treatment in the Australian economic system. The information provided in this paper is beneficial to formulate tailor-made policies for waste management in Australia.
Introduction
Waste is an inevitable by-product of economic activities. The amount of waste generated is directly relevant to the economic situation of countries [1] . The quantity of waste grows with the increase of population and gross domestic product (GDP). This occurs in developing and developed countries [1] [2] [3] . The Australian Bureau of Statistics has estimated that waste generation in Australia has increased by 145% from 1997 to 2012 with the Gross Value Added rising by 64% and the population increasing by 22% [4] . The Australian government has published a series of policies for waste management, such as the National Waste Policy agreed upon in November 2009 [5] and the Environment Protection Regulations 2009 published on 1 July 2010 [6] . The former aims at producing less waste for disposal and treating waste as a resource from 2010 to 2020. The objectives of the latter include prevention, minimisation or elimination of harm for the environment by penalties for late lodgement and waste levies. The focus on waste generation and treatment is significant-to analyse how economic activities and environmental policies affect waste trends. 
Methodology
The methodology was conducted in two steps: (1) the formation of Australian WIO model; and (2) the interpolation and extrapolation of Australian aggregation IOTs in 2010-2011.
The Framework and Notation of the WIO Model
An aggregation WIO framework is introduced in Table 2 23 We will use the notation described in Nakamura and Kondo (2002a) [9] . The (1) where K I,I ∈ R N I ×N I represents intermediate sectors' matrix for N I goods and service-producing sectors, the components of K I,II ∈ R N I ×N II . mean the monetary inputs from per intermediate industry into N II . waste treatment sectors, S is an N II × N w nonnegative matrix for N w waste types, and the s ij in the matrix represents the proportion of waste j treated by waste treatment method i, G ·,I is defined as an N w × N I matrix for the category of waste generated by intermediate sector, G ·,II represents an N w × N II matrix that the waste is generated by N II waste treatment sectors. A final demand matrix for N I goods and service-producing sectors is defined as X I,F or N F sectors, and W ·,F is the waste generated by final demand. x I ∈ R N I ×1 refers to a gross output vector for N I goods and service-producing sectors, and x II ∈ R N II ×1 presents the total amount of waste to be treated by N II waste treatment sectors. 
where we define input coefficients matrices A I,I = K I,Ix 
Data Aggregation, Interpolation and Extrapolation
The Australian IOTs are published by the ABS in million AUD dollars. The Australian IOTs of 2006-2007, 2007-2008, 2008-2009, 2009-2010 and 2012-2013 were chosen for the estimation of the Australian IOT of 2010-2011 because Australian and New Zealand Standard Industrial Classification has been published since 2006, and the pre-2006 classification standard of sectors is different [18] [19] [20] [21] [22] [23] . To be specific, Employment, Travel Agency and Other Administrative Services was added to the list of classification of the Australian IOT, and the Education and Training sector was divided into Primary and Secondary Education Services (include Pre-Schools and Special Schools), Technical, Vocational and Tertiary Education Services (include undergraduate and postgraduate), and Arts, Sports, Adult and Other Education Services after 2006 (includes community education) [23] . The column of the Other final demand is composed of the government consumption, gross fixed capital formation, changes in inventories and exports.
Australian waste accounts include 8 intermediate sectors, the households and 12 waste categories in 2009-2010 and 2010-2011 [16] . The Australian IOTs analysed in this paper only consider domestically generated and disposed waste, but not imported and exported waste.
The definition of the All other industries sector shown in the ABS database is different in the two files from the Australian and New Zealand Standard Industrial Classification and the Australian Environmental-Economic Accounts [16, 23] . For example, the All other industries sector in the Australian Environmental-Economic Accounts include the Electricity, gas and water supply industries, and All other service industries, while that in the Australian and New Zealand Standard Industrial Classification includes Wholesale, retail, transport, postal and warehousing, and All other service industries (except Electricity, gas and water supply industries). All other industries in the Australian Environmental-Economic Accounts are applied in the calculation of the total amount of inputs from Waste collection, treatment and disposal services into intermediate sectors while The data is interpolated by applying the linear regression equation according to:
Or the data is interpolated by applying the quadratic polynomial equation according to: , N I = 7 intermediate sectors, the total output of goods and services x I , and X I,F represents the Final demand. In order to estimate the effect of different waste treatment methods on different types of waste, both the columns of the Landfill sector and the Recovery sector disaggregated according to the data of the column of the Waste management services sector represent K I,II , yielding N II = 2 eparate treatment sectors. The method of disaggregation uses each type of waste treatment method's share in the waste management services sectors as weight [17] . The data from the ABS database [16] (provide the WIO block G ·,I and W ·,F , N w = 12 waste types, the 2 × 12 matrix S, and the total amount of 12 waste types x II . G ·,II is calculated according to the same method used for K I,II .
Results
In this section, we will introduce the results of the Australian aggregation IOT of 2010-2011, the Australian WIO model, the coefficient matrices of the Australian WIO model, and the effects of Australian economic activities on waste treatment methods. We will then describe the physical flow of the Australian WIO models in 2009-2010 and 2010-2011.
Interpolation and Extrapolation
The comparative analysis of the 2010-2011 IO tables produced by interpolation and extrapolation indicates that there are substantial differences between interpolation and extrapolation. Results of regression models with their main characteristics for the 'All other industries' (AOI) sector to intermediate sectors using interpolation are shown in Table 3 Table 5 for comparison.
The Australian Aggregation IOT of 2010-2011
The data of the Australian IOT of 2010-2011 is interpolated and extrapolated through Equations (4) and (5). Two types of regression results from Equation (5) are discussed:
1.
Adjusted R 2 ≥ 0.50 with p < 0.05.
2.
Adjusted R 2 < 0.50 with p < 0.05.
The curve fitting of the amount of inputs from the EWG sector to the MA sector in Figure 2 depicts the first type of regression results interpolated by applying the linear regression equation. Figure 3 shows the curve fitting of the amount of inputs from the AG sector to the MI sector interpolated by applying the quadratic polynomial equation. When the p-value is greater than 0.05, the inputs of IOA in 2010-2011 are estimated by those in 2009-2010 and 2012-2013 . Figure 4 shows the linear regression curve of the amount of inputs from the AG sector to the CO sector when the second type of regression occurs. The regression models for inputs of AOI to intermediate sectors are shown in Table 3 . The regression models of interpolating the Australian aggregation IOT of 2010-2011 are supplied from Table S6 to Table S13 , which are available in the supplementary file. The regression models for extrapolating the Australian aggregation IOT of 2010-2011 are supplied from Table S14 to Table S22 Table 3 . Values of main characteristics for some dependent variables are blank because the coefficients are estimated by using the same method as in Figure 4 . The p-values for certain coefficients were not significant because the numbers of samples were small. However, the value of adjusted R 2 is very high and the p-value is greater than 0.05. These coefficients are still used to estimate the inputs of IO table in 2010-2011. Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. Note: Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. Tables 6 and 7 ).
Note that an Australian WIO table consists of the elements appearing in Equation (1). In Tables 6  and 7 , the 7 × 7 matrix of intermediate sectors × intermediate sectors in the upper left-hand corner corresponds to K , , the 7 × 2 matrix of Intermediate sectors × waste treatment methods in the upper right-hand corner corresponds to K , . SG ·, located in the lower left-hand corner corresponds to the 2 × 7 matrix of types of waste treatment methods × intermediate sectors, and SG ·, in the lower right-hand corner is the 2 × 2 matrix of types of waste treatment methods × waste treatment methods. K , and K , are measured in a monetary unit (million $AUD) while SG ·, and SG ·, are measured in a physical unit (1000 tonnes).
The hybrid WIO models with the same rows and columns in squared matrices were built, which incorporate the monetary and physical information regarding Australian economic activities and waste treatment methods. The amount of waste generated by intermediate sectors and treated by two types of waste treatment methods are shown in Table 6 (2009-2010) and Table 7 (2010-2011). Therefore, we will provide information for the Construction sector in the WIO mode in detail. Table 6 shows that the total inputs of 313,634.00 million $AUD goods to the Construction sector are offered by intermediate sectors, which generates 8205.45 (1000 tonnes) to the Landfill sector and 7849.80 (1000 tonnes) to the Recovery sector in 2009-2010. Although the total inputs of the Construction sector increase to 340,965.34 million $AUD, the amount of waste generated by the Construction sector decrease to 6781.24 (1000 tonnes) to the Landfill sector and 7709.83 (1000 tonnes) to the Recovery sector in 2010-2011 (see Table 7 ).
Coefficient Matrices of the Australian WIO Model
From Tables 6 and 7 Tables 8  and 9 ) can be obtained by Equation (2) . Tables 8 and 9 Note: Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. In addition, each million $AUD of total output of the Construction sector generated a total amount of 42.9 tonnes of waste to the Landfill sector and 40.3 tonnes of waste to the Recovery sector.
As for waste treatment sectors, the column of the Landfill sector placing into landfill each thousand tonnes of waste requires a direct input of 0.0020 million $AUD from the Manufacturing sector, 0.0003 million $AUD from the Electricity, gas, and water sector, 0.0027 million $AUD from the Construction sector, and 0.0076 million $AUD from the All other intermediate sector in 2009-2010. Meanwhile, the column of the Recovery sector in Table 8 indicates that recovering each thousand tonnes of waste direct requires the input of 0.0016 million $AUD from the Manufacturing sector, 0.0002 million $AUD from the Electricity, gas, and water sector, 0.0022 million $AUD from the Construction sector, and 0.0061 million $AUD from the All other intermediate sector. This result shows that the Landfill sector consumed more resources to treat per thousand tonnes of waste than the Recovery sector did. Note: value < 0.0001 are not displayed for the sake of readability. Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. Note: value < 0.0001 are not displayed for the sake of readability. Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. Note: value < 0.0001 are not displayed for the sake of readability. Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. Note: value < 0.0001 are not displayed for the sake of readability. Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI.
The Differences of Direct and Total Effects of Intermediate Sectors on Waste Treatment Methods
The Figures 5 and 6 show that an increase or decrease in the Australian economy has a direct impact on waste generation. For example, when the difference in the sum of direct or total inputs of intermediate sectors on the MI sector is positive, the difference of the amount of waste generated by the MI sector is also positive. The differences in the sum of direct or total inputs of intermediate sectors for the PA sector is negative, and the difference in the amount of waste directly or totally generated in the PA sector is also negative.
The differences in the direct effects on waste treatment methods are calculated as the direct effects from intermediate sectors on waste treatment methods in 2010-2011 minus those in 2009-2010. Differences in the total effects on waste treatment methods are calculated in the same way. Table 12 describes the differences of direct and total effects of intermediate sectors on the Landfill sector of waste treatment. It indicates that the direct effects on the Landfill sector increase in three intermediate sectors including the Agriculture, forestry, and fishing sector, the Mining sector, and the Manufacturing sector, while there is a decrease in other four sectors during the two years. The total effects on the Landfill sector show the same trend in this period.
In Table 13 , the direct and total effects on the Recovery sector only increase in the Mining sector, while there is a decrease in the other intermediate sectors.
Both the sums of direct and total effects of intermediate sectors on the Landfill sector and the Recovery sector during the two years show a decreasing trend. Meanwhile, the drop of the sums of direct and total effects on the Landfill sector is greater than that on the Recovery sector. Table 12 describes the differences of direct and total effects of intermediate sectors on the Landfill sector of waste treatment. It indicates that the direct effects on the Landfill sector increase in three intermediate sectors including the Agriculture, forestry, and fishing sector, the Mining sector, and the Manufacturing sector, while there is a decrease in other four sectors during the two years. The total effects on the Landfill sector show the same trend in this period.
Both the sums of direct and total effects of intermediate sectors on the Landfill sector and the Recovery sector during the two years show a decreasing trend. Meanwhile, the drop of the sums of direct and total effects on the Landfill sector is greater than that on the Recovery sector. . Relationships between differences of sum of total effects and the amount of waste generation in various sectors of the Australian economy, YEAR. Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. Table 12 . Direct, total, and the change of direct and total effects of sectors on waste treatment method (Landfill) in the Australian economy. Note: Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. Table 13 . Direct, total, and the change of direct and total effects of sectors on waste treatment method (Recovery) in the Australian economy. . Relationships between differences of sum of total effects and the amount of waste generation in various sectors of the Australian economy, YEAR. Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. Table 12 . Direct, total, and the change of direct and total effects of sectors on waste treatment method (Landfill) in the Australian economy. Note: Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI.
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Physical Flow of Waste Footprint
The physical flow of the waste footprint shows the origin and destination of 12 types of waste. Figure 9 ). The three intermediate sectors with the highest waste intensity were the Construction sector, the Agriculture, forestry, and fishing sector, and the Manufacturing sector, while the Mining sector generated the lowest number of waste intensity during the period. , sorted into 12 categories (middle), and dealt with by two waste treatment methods (right). Final demand refers to the households. Agriculture, forestry, and fishing = AG; Mining = MI; Manufacturing = MA; Electricity, gas, and water = EGW; Waste management services = WMS; Construction = CO; Public administration = PA; All other industry = AOI. 
Discussion
The aim of this article was to analyse the relationships between the Australian economy and waste generation and treatment. The results of this study showed some special features of the effects of Australian economic activities on waste generation and treatment during the two years. The first finding was that per million $AUD of output of the Construction sector generated the largest amount of direct and total waste in 2009-2010 and 2010-2011, compared with the results of C. J. Reynolds et al. (2014) [12] , who observed that the Service (notably construction) industry generated the largest amount of direct and total waste in 2008, and Fry et al. (2015) [13] who showed that the Construction sector produced the largest amount of waste in 2011-2012. Second, when the inputs from intermediate sectors on some intermediate sector increase during the period, the amount of waste generated by this sector also increases, and vice versa. This relationship illustrates that the Australian economy is a traditional linear economy now. Therefore, the National Waste Policy and the Environment Protection Regulations 2009 are necessary for Australia to recycle resources and promote greater resource productivity aiming to reduce less waste. These policies assist the transition of the Australian economy from a traditional linear economy to a circular economy. Third, the decrease in the sums of direct and total effects of intermediate sectors on the Landfill and Recovery sector is a positive indicator for Australian waste management system. It refers to the effectiveness of waste-related policies [5,6] on waste management. However, the information that the sums of direct and total effects on the Landfill sector is more than that on the Recovery sector indicates that the Landfill sector currently plays a more important role than the Recovery sector in Australian waste treatment. This means the decision-makers should pay more attention to policies that generate less waste to the Landfill sector and encourage the development of the Recovery sector.
Finally, the amount of waste generated by the Household sector increased sharply during the two years. This increase of the amount of waste generated by the Household sector can be explained by the growing of final consumption expenditures of households, from 180,074 million $AUD in June 2010 to 186,009 million $AUD in June 2011 [24] , and the rise of the population from 22.3 million to 22.5 million in the two years [25, 26] .
In light of the major findings mentioned above, the importance of these results is discussed. First, the comparative analysis of the differences of direct and total effects from intermediate sectors on intermediate sectors and waste generation show how the development of Australian economic elements has effects on waste generation during the period. This method can be applied into the System of Environmental-Economic Accounting due to the publication of the unifying framework for waste generation accounts and national economic accounts to analyse these effects. Then, the direct and total effects from intermediate sectors on intermediate sectors and waste treatment indicate that the comparative analysis of the Australian WIO model is an effective method to assess environmental policies that aim to decrease waste generation. Finally, according to the sharp rise of the amount of the waste generated by the Household sector in these two years, it can be concluded that household waste will be one of the main sources of waste, and more policies and funds should focus on the treatment of household waste.
While the comparative analysis of the Australian WIO model has been used to effectively analyse the relationships between the Australian economy and waste generation and treatment, the method includes two limitations. First, the interpolation and extrapolation of the Australian IO table of 2010-2011 contains uncertainty. For this study, a series of Australian IOTs to estimate an Australian IOT of 2010-2011 was applied. The process of estimation includes proxy information. Additionally, the approach used for the proportionality assumption also contains uncertainty. The research applies the weight of the amount of waste treated by the Landfill sector and the Recovery sector to disaggregate the column of the monetary flow of the Waste management services into two columns of the monetary flow of the Landfill sector and the Recovery sector. The allocation error of the proportionality assumption leads to the inaccuracy of the formation of the Australian WIO model.
Conclusions
The methodology showed in this paper employs a hybrid analysis by combining WIO analysis with interpolation, thus vastly expanding the application with consistent and comparable effects of Australian economic activities on waste management. The consistent analysis of the aggregation of WIO by intermediate sectors, the households and the data of waste generation and treatment, embodies the following deliverables:
•
The interpolation procedure builds time-series WIO tables with standardised economic and waste national accounts, which enables the analysis of relationships between the changes of economic system and waste generation to be realistic. As illustrated in Figures 6 and 7 , the growth of waste generation can be strongly related to the growth of the input in an intermediate sector (such as the Mining sector), and vice versa.
As shown in Tables 12 and 13 , the sum of direct and total effects of intermediate sectors on the Landfill sector decreased by 0.0094 and 0.0201. The result is particularly important for assessing the effectiveness of published Australian environmental policies.
• The largest amount of waste generated by the Construction sector was 16.06 M tonnes in 2009-2010 and dropped to 14.49 M tonnes in 2010-2011. The result indicates that it is necessary for the Australian waste management system to concentrate on the construction waste.
• Physical flow of waste footprints enumerates the full supply-chain waste generation and treatment for the Australian economy. For example, almost 69% of the Masonry waste is generated by the Construction sector, and more than 50% of the Masonry waste is landfilled in 2009-2010.
Furthermore, the results of this article point out a future direction for the WIO analysis. The analysis in the paper only discusses the effects of intermediate sectors on waste generation, and there is no discussion to explain the effects of the households, in which the amount of waste increased sharply in two years. Proper consideration of the effect of the Household sector is of great significance for the amount of waste, because households are an endogenous factor for waste generation, i.e., that the levels of household income determine the levels of people's consumption, and therefore influence the amount of waste generation. In this case, bringing the Household sector into intermediate sectors will be a significant step to build a closed WIO model.
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